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Abstract
Structural colour is a phenomenon found in nature, which provides plants and
animals with vibrant optical properties. The production of this colour is based
on the interaction of incident light with the hierarchical organisation of sub-
micron- and micron-sized layered structures. Cellulose nanocrystals (CNCs)
are anisotropic building units formed by acid hydrolysis of native cellulose
microﬁbers, which can disperse in aqueous media to form a photonic liquid
crystal. One fascinating example of the appearance of biomimetic colour is the
supramolecular assembly of CNCs into iridescent layered structures that rotate
along a helical screw to yield a long-range chiral nematic order. A quick,
simple and engaging experiment that allows the establishment of a direct
relation between the structural colour and underlying mechanism of the light
interaction with these hierarchically structured materials is reported. The
obtained colour changes are explained within the theoretical framework pro-
vided by Bragg’s law and may provide an easy way to observe the macro-
scopic manifestation of this often abstract concept.
Keywords: Bragg’s law, structural colour, photonics, chirality, physical
properties
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1. Introduction
Many living organisms use colour for functions such as signalling, physiological regulation or
camouﬂage [1]. In the present Journal and as far as we are aware, there exist many physics
experiments especially designed for undergraduate courses which are focused on different
aspects related to colour [2–7]. In contrast, we found very few works focused on structural
colour, which is an exciting area of study in photonics.
Structural colour refers to the production of colour by hierarchically arranged structures.
These naturally occurring periodic structures usually display a layered architecture. In some
cases they also present a chiral nematic organisation due to their internal organisation at the
nanoscale level. These structures are able to interact with light to provide materials with
photonic properties. For instance, the blue iridescence of the Pollia condensata fruit (Marble
berry) and the blue-green iridescence of the Mapania caudata leaves arise from the presence
of a periodic structure, a helicoidal stacking of cellulose [8, 9]. Similarly, the brilliant colour
of jewel beetle exoskeletons has been reported to arise from a chiral periodic structure
composed of chitin [10].
These naturally occurring architectures are made up by helical assemblies, which can be
organised into left-handed or right-handed structures, deﬁning the handedness or helicity of
the material. Since this property determines the manner in which the chiral structure interacts
with its surroundings [11], it plays a pivotal role in disciplines linked with physics, chemistry
and biology. To that end, several works have been devoted to the teaching of physics related
to colours, liquid crystals and similar materials. For instance, the temperature susceptibility of
a cholesteric liquid crystal has proved to be useful for the teaching of the existing relationship
between assembled structure and the reﬂected/transmitted colours as the distance between
successive layers increases with temperature [12]. In addition, the formation of birefringence
patterns under everyday conditions has also been discussed in this Journal for general optics
courses [7], and the quantitative determination of the anisotropic optical properties of poly-
mers useful for students of specialised physics and engineering has also been discussed [6].
Furthermore, these experiments based on materials having helical chiral nematic order,
represent plausible approaches for the teaching of colours and related physical aspects. We
believe there is a lack of works connecting natural colours with their hierarchically arranged
structure and their link with the theoretical framework provided by Bragg’s law, a special case
of Laue diffraction.
In addition, students ﬁnd chirality a challenging topic because it involves the visuali-
sation of 3D nanoscale-level structures, which is not easy to imagine through textbooks [13].
Although several laboratory experiments have been devoted to allowing an easier under-
standing of the underlying phenomena of molecular chirality by approaches such as polari-
metry [14, 15], to date these approaches have not provided palpable evidence on the concept
of chirality and colour and their presence in all aspects of nature.
The novelty of this work is that we provide a simple and safe experiment, which enables
students to connect the abstract ideas of hierarchical organisation and chirality to the physical
phenomena of structural colour often found in nature. This experiment offers the opportunity
to observe the existing structure-property link by simply visualising how the change of the
ordered structure of a material is able to modify its interaction with light, which is explained
within the theoretical framework of Bragg’s law. Indeed, students would confront the
experimental measurement of helical pitch in hierarchically arranged materials using several
laboratory techniques with the reﬂected light, observable with the naked eye. Finally, this
experiment serves as a novel way to successfully integrate materials science into general
physics teaching [16].
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2. Theoretical background
This experiment is designed to create an understanding of the relationship between the
hierarchical organisation of materials and their interaction with light using cellulose nano-
crystals (CNCs). CNCs are a new type of nanomaterial, which presents a rod-like aspect
[17–19], and could be obtained via the controlled disintegration of cellulose. Under suitable
conditions, CNCs are able to organise into a characteristic long-range chiral nematic order
[20, 21]. These twisted layers resemble crystal lattices, which under certain circumstances are
able to lead to a phenomenon known as Bragg’s diffraction. This diffraction occurs when
radiation having a wavelength comparable to successive crystallographic planes is scattered
by different lattice planes that remain separated by the d interplanar distance. Therefore,
depending on the wavelength of the incident wave (λ), these scattered waves are able to
interfere constructively according to Bragg’s law:
d m2 sin 1q l=( ) ( )
where m is a positive integer (m=1, 2,K) and θ is the scattering angle. m integer ensures a
constructive interference of reﬂected waves. Within this framework and following
equation (1), the pitch of the helix formed by the self-assembly of cellulose nanocrystals,
often referred to as P, determines the colour of the resulting ﬁlm and is computed as
n P sin 2max avgl q= ( ) ( )
where λmax is the reﬂected light wavelength, θ is the angle of the incident light and navg is the
average refractive index of the material [22, 23]. According to equation (2), the colour of the
ﬁlms could be simply tuned by modulating both the repeating distance between the twisted
CNC layers or the refractive index of the material [20]. As shown in ﬁgure 1, the structural
colour arising from the CNC assemblies with chiral nematic ordering can be seen as a useful
property to highlight the effect of the interplanar spacing on the photonic activities of
hierarchical ordered structures.
Furthermore, and thanks to the chiral nematic organisation of CNCs, these structures are
able to selectively reﬂect the incident light. This light is circularly polarised into a handedness
that matches the handedness of the phase (the twist sense of the helix). Since CNCs are
oriented in an anti-clockwise direction through the ﬁlm, the reﬂected light is left-handed
circularly polarised. Thus, the polarisation of reﬂected light could be used to provide a
reliable evidence of the chiral order of colourful CNC ﬁlms [24].
Figure 1. Scheme (a) showing the hierarchical organisation of chiral nematic CNC
ﬁlms and the relationship of P helical pitch with reﬂected light (b).
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3. Experimental setup
3.1. Starting materials
The following raw materials are required for the successful development of the experiment.
Commercial Kraft softwood pulp can be obtained from CelluForce Inc. Sulphuric acid (CAS
Number: 7664-93-9) and ethanol (CAS Number: 64-17-5) are analytical grade reagents from
Sigma Aldrich and can be used as received without further puriﬁcation. For the synthesis of
chiral nematic CNC ﬁlms, no special equipment is required beyond a fume hood, common
laboratory equipment (heating and stirring plate) and safety goggles, gloves and lab attire. All
these chemical reagents are rather common in laboratories and can be obtained at an
affordable price.
3.2. Synthesis of CNCs
One of the most common techniques to obtain CNCs is their controlled degradation using
acids. This procedure allows the removal of the amorphous parts in the native cellulose to
give short rod-like ﬁbrils of high crystallinity with nanometric size. After the acidic attack, the
resulting dispersion needs to be washed several times to remove dissolved impurities and
excess acid, so that pure CNC nanoparticles can be obtained.
Accordingly, for this work CNCs are synthesised by sulphuric acid hydrolysis of fully-
bleached commercial Kraft softwood pulp [25–27]. A milled softwood pulp is submitted to
sulphuric acid hydrolysis at a concentration of 64% by weight (sulphuric acid to deionised
water) and a temperature of 45 °C under mild magnetic stirring for 25 min. The suspension is
then diluted tenfold with cold deionised water to quench the reaction, and the excess acid is
then removed by decantation, centrifugation (4000 rpm for 15 min) and dialysis using bags
with a molecular weight-cut-off of 12–14.000 Da. Finally, the resulting dispersion is sub-
mitted to an ultrasound treatment in a Fisher Sonic Dismembrator (Fisher Scientiﬁc) for
10 min at 60% power to obtain a CNC dispersion of 4.2% by weight with a pH of 2.5.
The morphology of the obtained nanometric-sized cellulosic nanoparticles can be
observed under the transmission electron microscopy (TEM) image in ﬁgure 2(a) (Hitachi
H7600 microscope). As shown in ﬁgure 2(b), these CNCs consist of 240±62 nm long and
10 nm wide nanoparticles (length distribution is based on a count of 80 particles). Similarly,
Figure 2. (a) Representative TEM showing CNC morphology and (b) CNC length
distribution based on a count of 80 particles.
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the chemical structure of the synthesised CNCs is also analysed under Fourier transform infra-
red spectroscopy (Nicolet 6700 FTIR equipped with a smart orbit diamond attenuated total
reﬂectance attachment) and x-ray diffraction (D8 Advance x-ray diffractometer with
λ=1.540 Å) in ﬁgure 3. The obtained FTIR spectra present the characteristic peaks of
cellulose at 3650–3200, 2902, 1337, 1160 and 897 cm−1 (corresponding to the O–H
stretching vibration, asymmetric C–H stretching vibration, C–O–H bending, C–O–C bending
and the C–O–C asymmetric stretching at the β-(1→4)-glycosidic linkage) [28]. Moreover,
the crystalline structure of CNCs can be analysed by powder x-ray diffraction (PXRD), where
the pattern in ﬁgure 3(b) presents three main peaks centred at 2θ=14.9°, 16.5° and 22.7°
conﬁrming that CNCs are composed of cellulose I [29, 30]. These two experiments are
performed to check that the structure of the cellulose is not modiﬁed during the sulphuric acid
attack.
3.3. Preparation of chiral nematic CNC films
Free-standing 50 μm thick chiral nematic CNC ﬁlms are obtained by evaporation-induced
self-assembly (EISA) of a CNC suspension. 12 ml of aqueous CNC dispersion (4.2 wt.%,
pH=2.5) are ultrasonicated for 10 min at room temperature and then cast on a polystyrene
Petri dish (90 mm diameter). The dispersion is then allowed to dry under ambient conditions
for 96 h. The CNC ﬁlm morphology is characterised by scanning electron microscopy (SEM,
Hitachi S4700) in ﬁgure 4. The cross-section of a CNC ﬁlm was attached to an aluminium
stub using double-sided adhesive tape and then sputter coated with gold–palladium (5 nm
thick layer). The CNC ﬁlm shows the characteristic features corresponding to the long-range
chiral nematic structure, where the repeated distance between the twisted layers (also known
as the helical pitch) is about several hundred nanometres [26].
3.4. Hazards
It is obligatory to use goggles, gloves and appropriate lab attire during the entire experiment.
Concentrated sulphuric acid, being corrosive and oxidising, can produce hazardous fumes,
cause chemical burns and thus should be handled in a well-ventilated fume hood. Ethanol is
ﬂammable and should be kept away from ignition sources. It is also an irritant to the skin,
eyes and respiratory system, and contact with skin should be avoided. Accordingly, CNC
Figure 3. (a) FTIR spectra and (b) PXRD pattern of CNC ﬁlm.
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synthesis must be conducted in a fume hood. Waste materials should be disposed of in
suitably marked containers available in fume hoods.
3.5. Sample characterisation procedure
The experimental characterisation here reported is relatively quick and can be accomplished
in a single laboratory session consisting of 2 h. Once free-standing chiral nematic CNC ﬁlms
are fabricated following the instructions given in section 3.3, this experiment only requires
simple photonic characterisation and the preparation of several ethanol/water mixtures in
order to be able to explain the macroscopic manifestation of Bragg’s law. The use of ethanol/
water mixtures allows obtaining the media which induces different swelling of the ﬁlms, but
also presents the same refractive index as the selected solvents that present similar refractive
indexes. Accordingly, the interference between the solvent and light is avoided.
First of all, the optical properties of the fabricated CNC ﬁlms are evaluated using
ultraviolet-visible spectroscopy (UV–vis) in transmittance mode. A dried CNC is placed
between two glass slides and is introduced into the UV–vis chamber to observe the maximum
of the reﬂected wavelength and link this wavelength with its colour that can be observed with
the naked eye. This can be carried out using a Cary 5000 UV–vis spectrophotometer.
Similarly, the same ﬁlm is observed under circular dichroism (CD) spectroscopy, which
enables the determination of the ‘handedness’ of the sample as it involves circularly polarised
light, i.e. the differential absorption between right- and left-handed light is recorded. A
JASCO J-710 spectropolarimeter is used to that end. Subsequently, CNC ﬁlms are observed
under polarised optical microscopy (POM) using an Olympus BX41 microscope, which
allows the examination of the microstructure of the ﬁlms.
Then, 100/0, 75/25, 50/50, 25/75 and 0/100 ethanol/water solvent mixtures of 10 ml
should be prepared in different vials. Film pieces (2×2 cm2) are simply placed onto a glass
slide using tweezers and several solvent mixture drops are added onto these ﬁlms. As pre-
viously done for the dried ﬁlms, the UV–vis and CD properties of the swollen ﬁlms are again
measured (note that for UV–vis and CD spectroscopy measurements another glass slide
should be placed on the sample in order to sandwich the sample between two glass slides).
The students are again required to observe these soaked ﬁlms under POM and measure the P
and calculate the interplanar distance (helical pitch) according to Bragg’s law. The latter CNC
ﬁlms are allowed to dry.
Figure 4. SEM micrograph of the CNC ﬁlm viewed along the fractural cross-section
with the chiral nematic axis perpendicular to the top surface. The relationship of the
obtained layered structure can be seen with the scheme provided in ﬁgure 1.
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4. Results and discussion
It is observed in ﬁgures 5(a) and (b) that the CNC ﬁlm reﬂectance peak found in the UV–vis
spectra matches the maximum CD signal located at about 660 nm. This wavelength corre-
sponds to orange-red colour, which corresponds to the macroscopic appearance of the ﬁlm. In
addition, the CD spectrum in ﬁgure 5(b) displays an intense signal with positive ellipticity,
implying a left-handed chiral nematic order [31]. The POM image in ﬁgure 5(c) reveals a
characteristic ﬁngerprint texture observed in many chiral nematic phases. The helical pitch of
the ﬁlms could be measured from such optical microscopy images and Bragg’s law could be
applied to determine the theoretically reﬂected wavelength of the ﬁlm and compare the value
obtained from the UV–vis and CD characterisation.
Once the structural and optical properties are determined and their relationship is
explained in terms of Bragg’s law, students could be are asked to predict what would happen
if these iridescent CNC ﬁlms are soaked with different solvents. When CNC ﬁlms are
immersed in different solvents, their colour is rapidly changed (ﬁgures 6(a)–(c)). Indeed,
depending on the ethanol/water ratio, the ﬁlm colour is tailored across the whole visible
spectrum [32, 33].
The class is then asked to explain this ﬁnding and is prompted to theoretically link the
obtained changes with the structure of the ﬁlms (Bragg reﬂection of visible light). Photo-
graphs of obtained changes are given in ﬁgures 6(b) and (c). Notably, the solution of pure
Figure 5. Optical properties of ﬁlms: (a) UV–vis spectrum, (b) CD spectrum and (c)
POM image.
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water induces the greater colour changes because the ﬁlms swell to the greatest extent in pure
water [32]. UV–vis and CD properties of swollen ﬁlms are shown in ﬁgure 6(d), where with
an increase in the amount of ethanol, the red-shift of reﬂected light is notably smaller. Indeed,
the ﬁlm colour varies over the whole visible spectrum from cyan to red and even to trans-
parent for wavelengths exceeding 800 nm. The students are then asked to calculate the
interplanar distance (helical pitch) according to Bragg’s law and the observed coloration
changes. They would observe that the helical pitch depends on the ethanol/water ratio. After
the CNC ﬁlms are allowed to dry, the original colour is recovered, indicating that the
observed changes are reversible. In as little as 20 min, this experiment could provide a
convincing visual proof of how the structure affects the macroscopic properties of the
materials.
At this point, students could get enough data to correlate the implications of Bragg’s law
with the light interaction and diffraction. If the required experimental techniques are not
available, the experiment here proposed could be modiﬁed in several ways to accommodate
the available resources. CNC ﬁlms could be simply soaked in variable ethanol/water mixtures
and observe their colour change with the naked eye (without the use of UV–vis or CD
spectroscopy). It is observed that the swelling of the CNC ﬁlm induces a greater distance
between successive planes (helical pitch) and increases the wavelength of reﬂected light in the
visible region, and thus the ﬁlm colour.
An expanded version of this experiment and a further step in explaining the interaction of
light with hierarchically ordered structures could deal with the chirality of the ﬁlms by using
circular polarisers. Dry or soaked CNC ﬁlms could also be observed through left-handed and
right-handed circular polarisers, which could be obtained from simple disposable cinema 3D
movie glasses, which use polarising glasses to create 3D images by restricting the light that
reaches each eye. This would enable a simple test for directly visualising the circularly
polarised light arising from the CNC ﬁlms. It is observed that reﬂected light could only be
seen through the left circular ﬁlter in the 3D movie glasses, indicating that the CNC helix is
oriented into a left-handed structure (ﬁgure 7).
Figure 6. Soaking of iridescent dried CNC ﬁlms (a) in pure ethanol (b) and pure water
(c). Corresponding UV–vis spectra (d).
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5. Conclusions
The design of this work provides an effective experiment to understand the existing rela-
tionship between hierarchical organisation, structural colour and Bragg’s law using cellulose
nanocrystals. It also serves to introduce students to basic spectroscopy methods such as UV–
vis spectroscopy and POM, which are a core part of the curriculum in areas including physics,
chemistry and biology and can be found in many laboratories [25]. The abstract concept of
chirality is satisfactorily introduced owing to the characteristic chiral nematic structure of
CNCs that could be easily realised by quickly observing disposable 3D movie glasses. The
use of laboratory equipment to measure and manipulate iridescent ﬁlms that change their
colour permits a better understanding of the macroscopic implications of Bragg’s law.
Analogies with plants and animals such as peacock tail feathers and European bee-eaters as
naturally occurring hierarchical structures could also be introduced to facilitate the learning of
these new biomimetic concepts.
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